Background: Identifying traits that reproductively isolate species, and the selective forces underlying their divergence, is a central goal of evolutionary biology and speciation research. There is growing recognition that postcopulatory sexual selection, which can drive rapid diversification of interacting ejaculate and female reproductive tract traits that mediate sperm competition, may be an engine of speciation. Conspecific sperm precedence (CSP) is a taxonomically widespread form of reproductive isolation, but the selective causes and divergent traits responsible for CSP are poorly understood. Results: To test the hypothesis that postcopulatory sexual selection can generate reproductive isolation, we expressed GFP or RFP in sperm heads of recently diverged sister species, Drosophila simulans and D. mauritiana, to enable detailed resolution of species-specific sperm precedence mechanisms. Between-species divergence in sperm competition traits and mechanisms prompted six a priori predictions regarding mechanisms of CSP and degree of cross asymmetry in reproductive isolation. We resolved four distinct mechanisms of CSP that were highly consistent with predictions. These comprise interactions between multiple sex-specific traits, including two independent mechanisms by which females exert sophisticated control over sperm fate to favor the conspecific male. Conclusions: Our results confirm that reproductive isolation can quickly arise from diversifying (allopatric) postcopulatory sexual selection. This experimental approach to ''speciation phenotypes'' illustrates how knowledge of sperm precedence mechanisms can be used to predict the mechanisms and extent of reproductive isolation between populations and species.
Introduction
Evolutionary biology seeks to understand diversification. The origin of new species links microevolutionary processes driving divergence among populations with macroevolutionary processes driving cladogenesis, yet how new species form remains poorly understood [1] . The role of sexual selection has been the focus of vigorous investigation and contention [2] [3] [4] . Intuitively, because precopulatory sexual selection drives the rapid evolution of traits that determine the outcome of encounters between the sexes (e.g., male ornaments, courtship behavior, and female preferences), it is predicted to be a widespread agent of reproductive isolation [2] [3] [4] . Investigations of the role of sexual selection in speciation, both empirical and theoretical, have overwhelmingly addressed precopulatory rather than postcopulatory selection [1] [2] [3] 5] . This disparity may be attributable to the inherent difficulties of establishing the role of postcopulatory sexual selection in character divergence and reproductive isolation given the cryptic nature of ejaculate-ejaculate and ejaculate-female interactions [5, 6] .
There is nevertheless growing recognition of the potential importance of postmating/prezygotic (PMPZ) reproductive isolation [2, 5] , due to mounting evidence that (1) ejaculatefemale interactions are complex [7, 8] , (2) seminal, sperm, and female reproductive tract traits evolve rapidly [8] with interacting, sex-specific traits exhibiting patterns of correlated evolution [8, 9] , and (3) conspecific sperm precedence (CSP) is a taxonomically widespread PMPZ isolating mechanism [5] . CSP is a specific form of gametic isolation in which noncompetitive hybrid matings produce near-normal numbers of offspring, but sperm competition between a conspecific and heterospecific male produces primarily conspecific offspring, irrespective of mating order. CSP has been documented in internal fertilizers, broadcast spawners, and plants (as conspecific pollen precedence; [5, 10] ), and in some instances it is the only discernable form of reproductive isolation [11] . However, mechanisms underlying CSP in internal fertilizers remain poorly resolved due to observational limitations of the female reproductive tract, compounded by difficulties differentiating conspecific from heterospecific sperm. Successes in partially overcoming these obstacles are rare (e.g., [11] [12] [13] [14] ).
A recent analysis of the state of speciation research has recommended a shift toward (1) characterizing ''speciation phenotypes'' important in reproductive isolation, (2) identifying selective forces driving their divergence, (3) resolving their genetic basis, and (4) understanding the relationship between microevolutionary phenotypic evolution within species and macroevolutionary divergence between species [15] . Notably, some of the best examples of research programs applying this approach are with systems for which divergence is at least partially attributed to precopulatory sexual selection (e.g., [16, 17] ). Here, we employ these recommendations while examining the relationship between trait divergence attributable to postcopulatory sexual selection within species and the mechanisms of reproductive isolation between species. Specifically, we ask whether knowledge of phenotypic divergence between sister species in postcopulatory sexually selected traits can predict patterns of reproductive isolation and the causal mechanisms underlying such isolation.
Drosophila simulans and D. mauritiana diverged an estimated 260,000 years ago [18] and exhibit CSP in double matings with D. simulans females [12, 19] . A previous investigation used spermless D. simulans males to track the fate of D. mauritiana sperm in double matings and found that D. simulans seminal fluid alone was sufficient to reduce the number of first-male D. mauritiana sperm in storage and to interfere with use of second-male D. mauritiana sperm for fertilizations [12] . We have recently used transgenic lines of each species, expressing GFP or RFP in sperm heads (Movies S1, S2, and S3 available online), to resolve their respective, species-specific sperm precedence mechanisms. Those investigations revealed a shared motif in the processes that determine the pattern of sperm precedence, yet substantive quantitative and qualitative evolutionary differentiation in traits participating in these processes [20, 21] . Additionally, investigations using isogenic lines of the closely related D. melanogaster have established relationships between within-population genetic variation in these same traits and competitive fertilization success [22, 23] . Our knowledge of divergence between D. simulans and D. mauritiana in sperm precedence mechanisms led to the prediction that CSP should be weaker for successful hybrid inseminations of D. mauritiana than of D. simulans females, in addition to specific predicted mechanisms underlying CSP (Table 1) .
Here, we test the predicted isolation pattern and speciation phenotypes (Table 1) by quantifying patterns of sperm transfer, storage, displacement, ejection, and use for fertilizations when D. simulans and D. mauritiana males compete against one another within both female backgrounds in order to resolve mechanisms of CSP in this system. Whereas divergence in CSP traits can theoretically proceed by selection against hybridization (i.e., reinforcement [25] ), D. mauritiana arose from a D. simulans-like ancestor in allopatry, and without secondary contact [26] . Hence, by evaluating the extent to which mechanisms of CSP are predicted by among-species divergence in sperm precedence traits and mechanisms, we provide a strict assessment of the contribution of divergent postcopulatory sexual selection, per se, to reproductive isolation using a model system approach. Because D. mauritiana females exhibit strong premating discrimination against D. simulans males [19, 26] , the main focus of this study is on events during CSP in D. simulans females. However, we were able to perform limited tests of certain critical hypotheses in D. mauritiana females and include those results.
Results

CSP in Drosophila simulans Females
Our results confirm gametic isolation in the form of CSP when hetero-and conspecific sperm compete within D. simulans females. Specifically, female D. simulans (S) produced as many offspring after a single mating with a heterospecific (D. mauritiana, M) male as with a conspecific male (S3M, mean 6 SE, 57.9 6 7.81, n = 46; S3S, 62.4 6 7.16, n = 27; t 67.7 = 20.22, p = 0.83; Figure 1 ) and with no difference in hatch rate (S3S, 0.78 6 0.05, n = 26; S3M, 0.73 6 0.06, n = 36; t 54.9 = 21.19, p = 0.24). After double matings, however, conspecific males sired the majority of progeny irrespective of mating order (P 2 : S3MS, 0.84 6 0.05, n = 33; S3SM, 0.21 6 0.05, n = 54; Table 2 ).
The first mechanism of CSP confirmed a previous report [12] of reduced insemination success in rematings with heterospecific males. Intraspecific insemination during remating within M3MM or S3SS crosses were nearly 100% successful, and those within the S3MS cross were 92% successful. However, the success rate dropped to 50% and 30% for S3SM and S3MM crosses, respectively ( Figure 2A and Table 2 ). Further, when we considered only those pairings resulting in successful insemination, there was a significant interaction between first-and second-male species identity on the number of sperm transferred (F = 35.3, p < 0.0001; n = 175). This interaction is attributable to two patterns: (1) D. mauritiana males transferred 16% fewer sperm when preceded by another D. mauritiana male (S3MM) rather than by a D. simulans male (S3SM) and (2) D. simulans males transferred 48% fewer sperm when preceded by a D. mauritiana male (S3MS) rather than by another D. simulans male (S3SS; Figure 2B and Table 2 ).
The second mechanism of CSP involves sperm displacement. Despite transferring only half the sperm number of the S3SS cross, D. simulans males in the S3MS treatment displaced 75% of their rivals' sperm in storage, a significant increase over the mean S3SS displacement rate of 38%. In sharp contrast, D. mauritiana males in the S3SM treatment displaced only 12% of the D. simulans sperm residing in storage, an approximately 2-fold decrease from the 23% displacement of the S3MM cross and a 4-fold decrease from the 48% displacement of the M3MM cross ( Figure 2C and Table 2 ). In other words, D. simulans sperm are better able to displace and resist displacement by D. mauritiana sperm within D. simulans females (Figure 3) .
The decreased ability of D. mauritiana sperm to compete against D. simulans sperm within D. simulans females was further compounded by the third identified mechanism of CSP: significantly faster sperm ejection by females of heterospecific ejaculates ( Figures 2D and 3 and Table 2 ). As [20, 24] . Prediction 2 Both D. simulans and D. mauritiana males have been shown to significantly tailor the number of sperm transferred based on aspect of female quality (i.e., mating status) [20] . We predicted that males of both species would transfer fewer sperm to heterospecific females, hence contributing to CSP but not to any asymmetry in CSP between female backgrounds. Prediction 3 Due to their greater length, D. simulans sperm will be superior at displacing and resisting displacement by D. mauritiana sperm within D. simulans females, which have a longer seminal receptacle (SR) [20] . In contrast, D. mauritiana sperm will not have a displacement advantage over D. simulans sperm within D. mauritiana females. Prediction 4 Sperm ejection is significantly mediated by females in D. melanogaster [22, 23] and there is a difference between species in the time of ejection after remating (D. simulans, 130 6 6 min; D. mauritiana, 101 6 6 min) [20] . However, because we have no knowledge of putative male3female influences on ejection time, we predict no asymmetry in ejection time based on female species identity. If females use sperm ejection to discriminate against lower ''quality'' males, then both D. simulans and D. mauritiana females will eject heterospecific ejaculates more rapidly than conspecific ejaculates. Prediction 5 Regarding fertilization bias, D. simulans females exhibit the potential to exert sophisticated control over the fertilization set to bias fertilization in favor of conspecific sperm, whereas D. mauritiana females do not [21] . Prediction 6 Due to predictions 3 and 5, we predict a stronger pattern of CSP when conspecific and heterospecific sperm compete within D. simulans females than when competition occurs within D. mauritiana females.
second-male sperm move from the bursa into the storage organs, some stored sperm (presumably both first and second male), are displaced back into the bursa (increasingly so as the organs approach their storage capacity; Figure 3 ) [22, 24] . This process will eventually result in equilibrium of first-and second-male sperm proportions between the storage organs and the bursa. We have suggested that female ejection of sperm from the bursa prior to this equilibrium being reached is most likely to influence paternity success [20] . No ejections occurred before this time point (i.e., 60 min after mating) in the S3SS cross [20] , whereas 11 of 15 females (73%) ejected by this time in the S3SM cross. In addition, females ejected heterospecific sperm especially rapidly when previously mated to a conspecific male, often immediately after the male dismounted, and females retained a conspecific ejaculate for an especially long time when previously mated to a heterospecific male (S3MS ejection time 577% longer on average than the S3SM cross; Figures 2D and 3 and Table 2 ). Further, we anecdotally observed some females in heterospecific rematings (S3SM or S3MM), but never in conspecific rematings, experiencing difficulty ejecting the sperm mass in a process that can last 1 hr (Movie S4), possibly due to biochemical ejaculatefemale incompatibility. Sperm remaining postejection within the storage organs potentially constitute the ''fertilization set,'' or the population of sperm competing to fertilize eggs [20] . We developed an analytical model [21] that estimates bias between storage organ types (i.e., the paired spermathecae and the seminal receptacle [SR]) in providing sperm for fertilization (z) and hence more specifically identifies the fertilization set, in addition to any first-or second-male fertilization biases (i.e., sperm use disproportionate to their representation) in the spermathecae (x) and SR (y) ( Figures 4A and 4B ). We applied this model to intraspecific sperm competition in D. melanogaster, D. simulans, and D. mauritiana [21] . In contrast to D. melanogaster, which primarily uses sperm from the SR for fertilization [20] [21] [22] [23] [24] , sperm from both organ types contribute equally to the fertilization set in D. simulans ( Figure 4C ) and D. mauritiana [21] . Whereas no fertilization bias was observed in either organ in D. melanogaster and D. mauritiana, female D. simulans uniquely exhibited secondmale sperm bias in the spermathecae and first-male sperm bias in the SR ( Figure 4C ).
Here, we applied the same analytical model to the CSP cross data for D. simulans females. The previously observed [21] pattern of opposing fertilization bias between the SR and spermathecae was found to be consistent across all treatments (compare bars x and y among Figures 4C-4E ), suggesting a strictly female-mediated phenomenon. Here we additionally provide evidence that females exploit this mechanism to favor the conspecific male by adjusting the extent to which sperm for fertilization are released from the SR or spermathecae, depending upon mating order, thus providing a fourth, highly sophisticated mechanism of CSP. There was a significant difference between the reciprocal CSP treatments in the sources of sperm for fertilization (t 50 = 2.8, p = 0.0072; compare bar z in Figures 4D and 4E ). Specifically, females in the S3MS cross significantly favored the spermathecae, which has a secondmale sperm bias, thus favoring the conspecific male (Figure 4D ; z = 0.28 6 0.05; t 24 = 4.07, p = 0.0006). In contrast, sperm use by females in the S3SM cross trended toward using more sperm from the SR, which has a first-male sperm bias, thus also favoring the conspecific male (z = 0.71 6 0.14), though it was not significantly different from z = 0.5 (Figure 4E ; t 26 = 21.53, p = 0.12).
Finally, we examined how cross-species interactions between rival sperm differ from within-species interactions with regard to sperm velocity in the SR. In D. melanogaster, experiments using isogenic lines with fixed ejaculate quality differences have revealed that rival sperm significantly influence one another's velocity, and slower sperm are better at displacing and resisting displacement by rival sperm [22] . Further, in D. melanogaster, D. simulans, and D. mauritiana, sperm velocity increases with time spent in storage, but this presumptively detrimental change is partially ''rescued'' by female remating and the presence of a rival ejaculate [20] (Figures 5A and 5B). In contrast to these patterns, we found here that D. mauritiana sperm velocity did not change over time within a D. simulans SR or in response to female remating, irrespective of the species identity of the second male (S3MM, F 3,84 = 0.20, p = 0.90; S3MS, F 3,76 = 0.58, p = 0.63; Figures 5C and 5D ). In addition, D. simulans sperm velocity was not rescued by heterospecific insemination in S3SM matings ( Figure 5E ). These differences in sperm performance dynamics between intraspecific and heterospecific inseminations are likely to be symptomatic of trait divergence disrupting complex interactions between competing ejaculates and females [28] .
CSP in Drosophila mauritiana Females
As expected due to strong premating isolation between D. mauritiana females and D. simulans males [19, 26] , hybrid mating rates with D. mauritiana females were very low (5% for M3S and 1.6% for M3MS). But note that even among conspecific double matings (M3MM), only 40.0% of pairs copulated (Table 3) . Only a single D. mauritiana female produced progeny after insemination by both a conspecific and heterospecific male (i.e., M3MS cross). This female produced six progeny with P 2 = 0.67.
In contrast to hybrid crosses with D. simulans females (Table  2) , almost all hybrid matings that did occur with D. mauritiana females resulted in successful sperm transfer (100% and 93% for M3S and M3MS, respectively; Table 3 ). The average number of sperm transferred by D. simulans males to virgin The number of progeny produced after a single insemination does not differ between females mated to a conspecific male and those mated to a heterospecific male. The total cumulative number of progeny (means 6 SE) produced over 11 days in S3S (black) and S3M (white) crosses is shown.
D. mauritiana females (M3S, 2758 6 242, n = 6) was higher than for either type of intraspecific virgin insemination (S3S, 1,340 6 97, n = 21; M3M, 1532 6 103, n = 22; F 2,46 = 20.3, p < 0.0001). Mean number of sperm transferred in the M3SM cross was comparable to that in hybrid crosses with D. simulans females (S3MM, S3SM, and S3MS; Table 2 ), but the distribution of ejaculate size in this cross was bimodal, with most males transferring over 1,000 sperm (average 2,123 6 261.5, n = 6) and a few transferring less than 150 (average 83 6 30, n = 3). Unexpectedly, D. mauritiana males mating with a conspecific female previously inseminated by a D. simulans male transferred far fewer sperm (276 6 152, n = 4).
In contrast to patterns of sperm displacement observed for crosses with D. simulans females, we found no evidence of a competitive advantage of D. mauritiana sperm within D. mauritiana females. In fact, heterospecific D. simulans males were as effective as D. mauritiana males at displacing resident D. mauritiana sperm (M3MS, 56% 6 17%, n = 9; M3MM, 48% 6 0.04%, n = 57; Table 3 and Figure 2) , despite having transferred approximately half as many sperm (see above; Table 3 ). A relatively small proportion of resident D. simulans sperm were displaced upon conspecific remating by females with D. mauritiana males (M3SM, 9% 6 6%, n = 4), but because so few sperm were transferred in these rematings (see above; Table 3 ), we caution against using these data to infer the relative resistance of heterospecific sperm to displacement within D. mauritiana females. Patterns of sperm ejection in hybrid crosses with D. mauritiana females also differed dramatically from those with D. simulans females. With hybrid inseminations of D. mauritiana, ejection never occurred within 5 hr after mating in either single or double matings in either mating order (n = 20; Table 3 ). In other words, females remating to conspecific males have abnormal ejection behavior if they previously mated with a D. simulans male. In one case, the female still had not ejected the sperm mass (nor laid any eggs) by 72 hr after mating. These results suggest that the ejaculate plays an important role in ejection behavior and that the first male's ejaculate may influence ejection of the second male's ejaculate.
Discussion
Recent investigations of within-species mechanisms of sperm precedence in D. melanogaster, D. simulans, and D. mauritiana and have revealed the opportunity for postcopulatory sexual selection to occur during any of four reproductive events: (1) sperm transfer during copulation, (2) displacement of ''resident'' sperm from the storage organs by incoming sperm from the most recent mate, (3) female ejection of sperm from her reproductive tract, and (4) sperm use for fertilization [20] [21] [22] [23] [24] . Regarding prediction 1 (Table 1) , we found that all four of these key reproductive events contribute to CSP between D. simulans and D. mauritiana. For heterospecific sperm competition within D. simulans females, CSP was attributable to a combination of (1) fewer copulations resulting in successful insemination when mating with D. mauritiana than with D. simulans males; (2) superior ability of D. simulans sperm to displace, and resist displacement by, D. mauritiana sperm; (3) faster ejection of D. mauritiana ejaculates; and (4) a shift in sperm use to the SR or spermathecae depending on male mating order such that fertilization was biased in favor of conspecific sperm. All four mechanisms involve interactions between multiple male and female traits, suggesting that reproductive isolation arises when interacting trait complexes that have coevolved and diverged in allopatry become disrupted in hybrid matings. These isolating mechanisms (i.e., speciation phenotypes) support the hypothesis that postcopulatory sexual selection can be a powerful agent of reproductive isolation.
We examined two aspects of insemination: whether copulation resulted in successful sperm transfer and the number of sperm transferred. Although no a priori prediction addressed the first aspect, it turned out to be a significant contributor to both CSP and its asymmetry between female backgrounds. Heterospecific matings with D. simulans females were significantly shorter in duration and less likely to result in successful insemination than were conspecific matings, whereas these variables did not differ between heterospecific and conspecific matings with D. mauritiana females. We have no knowledge of the mechanisms or the respective contribution of the sexes to these results. This difference in insemination success between cross types further magnifies prediction 6.
Regarding the number of sperm transferred for those copulations that did result in successful insemination, prediction 2 was not supported. Contrary to the pattern predicted, for single matings with D. simulans females, there was no difference in the number of sperm transferred by conspecific and heterospecific males, and for single matings with D. mauritiana females, heterospecific males (M3S) transferred roughly twice as many sperm as did conspecific males (M3M) or relative to single matings with females of their own species (S3S). The among-cross pattern of sperm transfer by second males was also unexpected. With the exception of the M3SM cross, in which males transferred extremely few sperm, a statistically equivalent number of sperm was transferred by second males in all other heterospecific competition crosses (i.e., S3MS, S3SM, S3MM, and M3MS). The number of sperm transferred in these crosses was roughly one-half that transferred in control rematings (i.e., S3SS and M3MM). These patterns of sperm transfer may be examples of strategic ejaculate tailoring (see the Supplemental Discussion).
Prediction 3 about the extent and asymmetry of sperm displacement among crosses received robust support. The basis for this prediction comes from investigations of D. melanogaster using either populations where males or females were experimentally evolved to have longer or shorter sperm or SRs, respectively [29, 30] , or for which natural variation in sperm length and other traits was partitioned and fixed among isogenic lines [22] . Longer sperm were consistently found to be superior at displacing, and resisting displacement by, shorter sperm [22, 30] (also see [13] for an example in beetles), with the paternity advantage accrued by males producing longer sperm decreasing with decreasing length of the female SR [29] . The observed displacement advantage of D. simulans sperm over D. mauritiana sperm within D. simulans females ( Figures 2C and 3 and Table 2 ) was therefore predicted because the sperm and SRs of D. simulans are respectively 12% and 18% longer on average than those of D. mauritiana [20] . The lack of this CSP mechanism operating during heterospecific sperm competition in D. mauritiana females (i.e., D. mauritiana sperm were not superior at displacing D. simulans sperm within D. mauritiana females) was likewise predicted a priori ( Figure 2C and Table 3 ). The two remaining mechanisms of CSP that we identified in this study, female sperm ejection and fertilization bias in sperm use [21] , present examples of cryptic female choice or femalemediated bias of offspring paternity after mating has occurred [6] . These two mechanisms act at different stages in the postcopulatory process: (1) the formation of the fertilization set and (2) the fertilization of eggs [20, 21] . Sperm ejection has been observed in diverse taxa and experimentally confirmed as a mechanism of cryptic female choice in the domestic fowl (reviewed in [31] ). In Drosophila, relatively rapid ejection of the ejaculate after remating minimizes the number of secondmale sperm that can enter the storage organs and consequently the number of resident, first-male sperm that are displaced from storage. As a consequence, there is a significant negative relationship between time to ejection and P 2 [23] . Prediction 4 was supported, in part, in that D. simulans females ejected sperm significantly faster when singly mated with a heterospecific than with a conspecific male ( Table 2) . For double matings, particularly rapid female ejection was observed only in the S3SM treatment (Figures 2D and 3 and  Table 2 ), which is the cross for which rapid ejection after remating would have the greatest impact biasing fertilization in favor of conspecific sperm. On the other hand, prediction 4 was not supported for crosses with D. mauritiana females. Although sample sizes were small, no female either singly mated or remated to a D. simulans male (n = 15) ejected sperm during the 5 hr observation period. Work to date with isogenic lines of D. melanogaster has found no genetic variation in males for time of sperm ejection by their mates [22] yet substantive genetic variation in females for ejection time [23] (male3female interactions have not yet been examined). The unexpected lack of sperm ejection by D. mauritiana females after heterospecific insemination suggests an influence of the ejaculate biochemistry on ejection time (also see Movie S4). It also presents yet another biological justification for prediction 6.
There were not sufficient data to test prediction 5 about D. mauritiana females lacking the physiological ability to exert fertilization bias against heterospecific sperm [21] . Nevertheless, the prediction that D. simulans females would exert such a bias was strongly supported. The significant shift in the source of sperm for fertilization (z in Figure 4 ), favoring the spermathecae (which exhibits a second-male fertilization bias; x in Figure 4 ) in the S3MS cross and the SR (which exhibits a first-male fertilization bias; y in Figure 4 ) in the S3SM cross represents a sophisticated mechanism to bias paternity in favor of the conspecific sperm irrespective of mating order (i.e., CSP), and one of the clearest examples to date of female sperm choice in any species [32] . It is perhaps noteworthy that females in the S3SM cross exhibited only a moderate, nonsignificant shift in sperm use toward the SR (z in Figure 4E ). Females in this cross often (but not always) exhibit exceptionally rapid sperm ejection. If females that employ early ejection as a mechanism of cryptic female choice do not then switch use of sperm-storage organs, the increased variation in the data may explain the trending but nonsignificant result. Conversely, females in the S3MS cross, which would not have ejected sperm particularly early after the first, heterospecific mating, showed a strong pattern of sperm use bias (z in Figure 4D) . These results suggest that the two cryptic female choice mechanisms, ejection and fertilization bias, may be acting in a complementary fashion. Because the sperm-storage organ use plasticity revealed here could not have arisen due to selection to avoid hybridization [25, 26] , we postulate that this mechanism of CSP is a consequence of selection for intraspecific cryptic female choice, with heterospecific males representing an extreme form of lower quality male. How the opposing biases between storage organ types arise and are maintained is unknown but may be related to organspecific patterns of gene expression and specialized secretory activity [33] . Due to strong premating isolation between D. mauritiana females and D. simulans males [19, 26] , it was not possible to test prediction 6 regarding asymmetry of CSP. The single D. mauritiana female producing progeny after insemination by both a conspecific and heterospecific male (i.e., M3MS cross), with P 2 = 0.67, provides consistent anecdotal support. Asymmetrical reproductive isolation between reciprocal crosses is commonly observed, with hypotheses regarding causative mechanisms (e.g., behavioral, mechanical, and genetic) differing between the stage of isolation (i.e., premating, PMPZ, or postzygotic; e.g., [34] ). As illustrated by the present study, knowledge of ejaculate-female interactions provides the basis for particularly precise and testable hypotheses of isolating mechanisms.
Events occurring between copulation and fertilization are multifarious, with myriad male and female traits engaged in genitalic, ejaculate-ejaculate, ejaculate-female, and spermegg interactions that potentially contribute to differential competitive fertilization success. These include some of the fastest evolving genes, proteins, and characters known [7, 8] . The few empirical studies of such trait divergence among geographic populations show diversification rates relevant to the speciation process, including coevolving male-female traits demonstrated in the present study to be a ''speciation phenotype'' (e.g., [35, 36] ). We thus predict that mechanisms of gametic isolation and CSP will vary greatly among taxa. Given an allopatric distribution with no secondary contact, PMPZ reproductive isolation played no role in speciation between D. simulans and D. mauritiana. Rather, the present and previous investigations with this model system [12, [19] [20] [21] confirm the potential role of postcopulatory sexual selection in speciation. Application of the high-resolution experimental methods of the present study to other systems, particularly those in earlier stages of speciation, populations occurring in sympatry and subject to reinforcement, will provide valuable insight into the speciation process. Until more studies of PMPZ mechanisms are conducted, the extent and kind of divergence required to generate reproductive isolation will not be known. Some kinds of divergence may quickly result in ejaculate-female incompatibility due, for example, to the inability of sperm to be stored or to survive in storage. In other cases, reproductive processes may be relatively forgiving, with no isolation apparent for single matings and only becoming apparent under the more sensitive assay of sperm competition (i.e., CSP) with the female relatively incompatible with only one of the two competing ejaculates. On the other hand, the reverse pattern is also theoretically possible, given that ejaculates from competing males may interact such that the conspecific seminal plasma may ''rescue'' the heterospecific sperm [22, 37] .
Experimental Procedures
For a detailed description of all procedures, see the Supplemental Experimental Procedures.
Transgenic D. simulans and D. mauritiana with GFP-or RFP-labeled sperm heads enabled the unambiguous discrimination of each males' sperm in double-mated females (Movies S1, S2, and S3) to quantify in vivo sperm velocity, numbers of competing sperm in all regions of the female's lower reproductive tract (i.e., bursa, SR, spermathecae; Figure 3) A B C D E Figure 5 . Sperm Velocity Associated with Remating Suggests that Normal Male-Female Interactions Are Disrupted in Hybrid Matings
Mean 6 SEM log-transformed velocity (mm/s) of the first male's sperm in the SR measured 60 min after the start of the first mating (''1 st mating''), 60 min after the start of the second mating (''2 nd mating''), and in females not given the opportunity to remate but dissected on the same timescale as the second mating (''no remate''). Analyses of intraspecific, competitive matings in both D. mauritiana (A) and D. simulans (B) revealed that sperm swimming velocity increased with storage time (contrast ''1 st mating'' with ''no remate''), with the more beneficial, slower swimming speed partially ''rescued'' by female remating (contrast ''2 nd mating'' with ''no remate''). In contrast, the velocity of D. mauritiana sperm in a D. simulans SR (C and D) did not change over time and resembled at all time points the faster velocity observed after several days in storage in a D. mauritiana SR (A, ''no remate''), irrespective of the species identity of the second male (C and D). In addition, D. simulans sperm velocity was not ''rescued'' by the female having remated to a D. mauritiana male (E, contrast ''2 nd mating'' with ''no remate''). All statistical analyses controlled for variation in sperm density within the SR. *p < 0.05, **p < 0.01, ***p < 0.001. and paternity. We used single matings of D. simulans (S) females with D. mauritiana (M) males (S3M) and double matings of D. simulans females to two D. mauritiana males (S3MM), a D. simulans male followed by a D. mauritiana male (S3SM), or the reciprocal cross (S3MS) to quantify sperm transfer, storage, and use and the dynamics of sperm competition. Crosses were similarly conducted using D. mauritiana females (M3S, M3MS, and M3SM). For each cross, we quantified (1) numbers of sperm transferred, (2) numbers of sperm stored in each type of sperm storage organ, (3) proportion of resident (first-male) sperm displaced from storage, (4) timing of ejection of excess second-male and displaced first-male sperm, (5) velocity of first-male sperm in the SR, (6) fertilization bias toward the first or second male within each of the two types of storage organ and sperm use bias between storage organ types, and (7) paternity success over 72 hr after remating. Data are compared among crosses conducted here and with intraspecific crosses (M3MM and S3SS) using identical methods [20] . Unless otherwise stated, all data refer to events associated with the second mating. Statistical analyses were performed in R version 2.12.1 [38] .
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